All 16 centromere DNA regions of Saccharomyces cerevisiae including 90 bp framing sequences on either side were cloned. These 300 bp long centromere regions were analysed by native polyacrylamide gel electrophoresis and found to display a reduced mobility indicative of DNA curvature. The degree of curvature is centromere dependent. The experimental data were confirmed by computer analysis of the 3-dimensional structure of the CEN DNAs. Altogether these data provide further evidence for a model for budding yeast centromeres in which CEN DNA structure could be important for the assembly, activity and/or regulation of the centromere protein-DNA complex.
INTRODUCTION
In all eukaryotic organisms the centromeres form complex DNA-multi-protein structures acting as microtubule attachment sites linking the chromosomes to the mitotic or meiotic spindle apparatus thus allowing efficient segregation of the genetic material. In higher eukaryotes the centromeres are very complex structures encompassing up to millions of base pairs and a correspondingly high number of proteins (1, 2) . The situation is different in the budding yeast Saccharomyces cerevisiae where the centromere complex is very small, consisting of a 120 bp long centromere DNA sequence sufficient to mediate wild-type-like mitotic and meiotic segregation of this DNA (3) (4) (5) .
The analysis of all 16 S.cerevisiae centromere DNA sequences led to a consensus sequence consisting of three centromere DNA elements: CDEI, CDEII and CDEIII (6, 7) . CDEI and CDEIII contain highly conserved sequence motifs, while CDEII is an extremly AT-rich non-conserved sequence of 78-86 bp in length. CDEII and CDEIII are essential for mitotic and meiotic centromere function (summarised in 6), while CDEI is necessary for high fidelity chromosome segregation only (8) (9) (10) .
CDEII elements from many of the 16 CEN DNAs contain stretches of dAT tracts known to be the cause of intrinsic DNA curvature (11) (12) (13) and indeed curvature in the CDEII regions of Figure 1 . Schematic representation of the S.cerevisiae centromere. The centromere DNA elements (CDEs) CDEI, -II and -III are shown with the centromere proteins Cpf1 and the Cbf3 complex indicated above them. Two additional putative CEN proteins, Cse4 and Mif2, are also shown. The nuclease-resistant centromere region and the surrounding nuclease-hypersensitive sites (marked HS) define the CEN chromatin (43, 44, 46) . The average dAT content is given for the centromere elements and surrounding sequences.
CEN3 and CEN14 has been demonstrated (14, 15) . CDEIII is also AT-rich and all CEN DNAs are embedded in dAT-rich regions ( Fig. 1; 7 ). This dAT content of 68-75% is significantly higher than the average 61% dAT content of the yeast genome (16) .
Therefore, the CEN DNA might assume a particular DNA conformation in space as particular arrangements of dAT sequences result in DNA curvature. Often the DNA in DNAmulti-protein complexes carries as an intrinsic property a particular DNA structure. It has been postulated that these structures might play essential roles in complex assembly, biological activity and/or regulation of DNA-protein complexes. For example, the ARS DNA elements from S.cerevisiae (17) and the origins of replication (ori DNA) from bacteria (18) play an important role in the initiation and/or extension of the replication machinery. Another example are the many prokaryotic and eukaryotic promoter DNA sequences which, in addition to the basal transcription machinery, carry multiple regulatory factors required to perform precise and controlled transcription (19, 20) . Here DNA bending has been implicated as a structural element to facilitate the necessary DNA-protein interactions. The bend is either constitutively present due to an intrinsic DNA structure (21, 22) or is induced by specific promoter-binding factors (23).
Macroscopic DNA curvature has been associated primarily with the presence of properly phased stretches of adenines (dA n tracts; 24). Short (4-9 bp) runs of desoxyadenines repeated with the helix screw (∼10.5 bp; 25,26) produce a global curvature of the DNA double helix (27, 28 ; for reviews see [29] [30] [31] . Also non-dA n sequence elements can cause DNA curvature (32, 33) . Distinctive properties of poly(dA)·poly(dT) indicate that it has an unusual 'B′-form' structure (34) , which is sufficiently different from B-form DNA that proteins recognise the difference (12, 35, 36) .
DNA curvature due to phased dA tracts has easily identifiable properties. The curvature measured as retarded gel migration in polyacrylamide gel electrophoresis will be present most prominently at moderate temperatures and decrease at elevated temperatures (34, 37) . Increasing amounts of sodium chloride reduce the migration anomaly while the addition of Mg 2+ ions will increase it (34, 37) . Ethidium bromide intercalates into the DNA and reduces the differences between the B′-and B-form DNA (38) , thereby strongly reducing the migration anomaly. Other unusual DNA structures, for example 4-way junctions, behave differently (39) .
Several proteins have been identified which specifically interact with the centromere DNA elements CDEI and CDEIII (summarised in 1,2,4,5; Fig. 1 ). For CDEII several putative protein binding partners have been identified (40) (41) (42) . Chromatin studies revealed that the 120 bp long CEN DNA consensus sequence plus 5 bp left of CDEI and 25 bp right of CDEIII is protected against cleavage by nucleases ( [43] [44] [45] . This nuclease-resistant complex is surrounded by nuclease-sensitive sites whose size and sensitivity depend on the centromere studied and can vary between 20 and 90 bp (44) (45) (46) . In total, on each of the 16 yeast chromosomes ∼300 bp contribute to CEN complex formation and its function (Fig. 1) . The helix-loophelix protein Cpf1 binds to centromere DNA element CDEI and induces a bend at the centre of this binding site (47) . This finding prompted us to systematically analyse the DNA structure of the centromere DNA sequences from all 16 yeast chromosomes. Our computer analyses, as well as the experimental data, indicate that all centromere DNA sequences exhibit a particular 3-dimensional curved DNA structure. These results suggest that for budding yeast centromeres particular intrinsic and/or protein-induced CEN DNA structures may play an important role in the assembly, activation and/or the activity of the centromere complex.
MATERIALS AND METHODS

Cloning of yeast centromere DNAs
The 16 different 112-120 bp long centromere DNA elements CDEI, CDEII and CDEIII (7) flanked by centromere-specific 90 or 91 bp of genomic DNA on either side were isolated by standard PCR using various CEN DNA-carrying plasmids as substrates (listed in Table 1 ). We determined the DNA sequence of a number of regions adjacent to the CEN DNA to design appropriate PCR primers. The PCR primers carried at their 5′-ends EcoRV recognition sites. PCR products were ligated into EcoRV-cleaved pBluescript II+ (Stratagene, Heidelberg, Germany), except for CEN14, which was cloned as a SmaI-carrying fragment into SmaI-cut pBluescript (due to an internal EcoRV site in CEN14). This allowed re-isolation of the 16 different 300 bp long CEN DNA fragments by EcoRV or SmaI digestion, respectively. Insert sequences were verified by sequence analysis. 48_C ). After the run the gels were stained for 30 min in an aqueous solution of ethidium bromide (1 mg/l), followed by rinsing in water prior to the documentation by a CCD camera system (Cybertec CS1 plus). (49).
Gel documentation, analysis and k-factor determination
RESULTS
Here we determined the 3-dimensional structural features of the S.cerevisiae centromere DNA, which forms the backbone for the centromere DNA-protein complex.
All centromere DNAs show intrinsic DNA curvature
The mobility of DNA molecules in native polyacrylamide gels depends on their 3-dimensional structure. An intrinsic DNA conformation like a curve or a bulge results in a slower mobility of these molecules (50, 51) , which can be correlated with the calculated end-to-end distance of the corresponding DNA molecule based on the nucleotide stacking properties calculated from the sequence (49) . We analysed the mobility of all 16 306 bp long centromere DNA sequences by native polyacrylamide gel electrophoresis as described previously (48) . The CEN DNAcarrying plasmids (Table 1) were cleaved with the restriction enzymes EcoRV (for CEN14, SmaI), PvuII and AlwnI. The resulting DNA fragments were separated under standard buffer conditions at 22_C on native 10% polyacrylamide gels (Fig. 2) . The 306 bp long CEN DNA-containing DNA fragments all migrated significantly slower compared with two different sets of marker DNA fragments (lanes M and L in Fig. 2 ) while the vector DNA fragments migrated according to their size. Thus two 168 and 280 bp long vector DNA fragments served as additional marker fragments [and displayed the parallel migration of the DNA fragments in all lanes of the gel with slight deviations ('smiling') at the outmost lanes]. Deviations between vector DNA fragments and the ladder molecules were within the experimental error of ±0.02. The slowest migration was observed for CEN14 DNA which migrated with an apparent size of 394 bp (Fig. 2, lane 14) while the fastest migrating CEN DNA fragment was CEN4 with an apparent mobility of 329 bp (Fig. 2, lane 4) . For each CEN DNA the k-factor was determined as the ratio between apparent size (in bp) and real size (306 bp): CEN4 exhibited a k-factor of 1.07, while CEN14 had a k-factor of 1.25 ( Table 2 ). The k-factors for all CEN DNAs were significantly above the k-factor of 1.00 ± 0.02 found for marker DNA fragments: eight CEN DNAs exhibited moderate k-factors of 1.07-1.10 while the other eight CEN DNAs showed k-factors of 1.11-1.24. These k-factors indicate that all 16 CEN DNAs exhibited an abnormally slow migration behaviour in these gels. In a different buffer containing more physiological concentrations of Mg 2+ and Na + ions (90 mM Tris-borate, 10 mM MgCl 2 , 170 mM NaCl) the k-factor is slightly smaller, however, it displays the same principal properties as observed in Tris/EDTA buffer ( Table 2) .
Temperature and ethidium bromide dependency of CEN
DNA mobility in native PAGE
For all CEN DNA fragments the temperature dependency of the gel mobility was determined (Table 2 ). Ten CEN DNAs exhibited maximal k-factors at temperatures between 25 and 35_C. For CEN DNAs CEN1, CEN14 and CEN15, which showed the slowest mobility, the temperature with the largest migration anomaly was identified to be 24°C (CEN1), 27°C (CEN14) and 32_C (CEN15) (Fig. 3) . At higher temperatures the k-factors decreased with temperature. Other centromere DNA fragments showed a k-factor maximum at lower (20_C for CEN6) or higher (38_C for CEN6, 40_C for CEN4 and CEN11) temperatures (data not shown). The k-factors of two centromere fragments at Pennsylvania State University on March 5, 2014 http://nar.oxfordjournals.org/ Downloaded from (CEN8 and CEN13) constantly decreased with temperature in the measured range. The k-factor of CEN16 showed no temperature dependency. This spectrum of temperature dependencies was observed before for other curved DNA containing dA n :dT n tracts (34, 37) . Intercalating drugs like ethidium bromide destroy the particular DNA structure responsible for the intrinsic curvature. Indeed, when the CEN DNAs were run in gels in the presence of ethidium bromide, all 16 CEN DNA fragments exhibited a faster mobility compared with their mobility in gels without ethidium bromide and thus displayed a smaller k-factor ( Table 2 ). The k-factors of all CEN DNAs were v1.06, except for CEN14 whose k-factor was reduced from 1.24 to 1.12. Reduction of k-factor value due to the presence of ethidium bromide has been observed before for curved DNA containing dA n :dT n tracts (38; S.Diekmann, unpublished results).
Nearest neighbour analysis confirms CEN DNA curvature
Using the stacking and twisting parameters of DNA dinucleotides (52) to calculate the 3-dimensional path of a given DNA fragment (49) we identified a non-straight helix path for all 16 CEN DNAs. For example, a pronounced local curve of ∼80_ was found in the CDEII region of CEN14 (Fig. 4) . Curved regions were found within and/or outside of the central CEN DNA elements. The end-to-end distances of the CEN DNA fragments calculated for these structures are a measure of the curvature of the fragments ( Table 2 ). All 16 end-to-end distances are <104 nm, the end-to-end distance of a straight 306 bp long DNA fragment. In many cases the measured k-factors correlated with the calculated end-to-end distances. Thus, both the reduced gel mobilities of the CEN DNAs in native polyacrylamide gels as well as the calculated end-to-end distances were indicative of curved DNA structures in these centromere fragments.
DISCUSSION
The goal of this study was to obtain information on the 3-dimensional path of the S.cerevisiae centromere DNA. Our experimental data and the computer analysis revealed an intrinsic curvature for the centromere DNAs of all 16 yeast chromosomes. The degree of CEN DNA sequence-dependent curvature was found to vary significantly between small and considerably large. Interestingly, several CEN DNAs showed the largest curvature in vitro at ∼30_C, the optimal growth temperature of budding yeast, thereby possibly supporting the potential role of CEN DNA curvature in vivo.
Intrinsic bending of centromere DNA in vitro has been described previously for budding yeast CEN DNAs CEN3 and CEN14 (14, 15) . Exchanging parts of CDEII from CEN3 with a synthetic DNA segment (70% dAT content) with helical phasing of oligo(dA)*(dT) segments exhibiting an intrinsic curvature did not significantly alter centromere activity, while an exchange with a synthetic DNA fragment without oligo(dA)*(dT) segments (65% dAT content) and no intrinsic curvature resulted in a 50-fold reduced chromosome transmission fidelity (15) . Our finding that all CEN DNAs are considerably curved in vitro supports a model in which the global 3-dimensional structure of these DNA regions contributes to centromere function in vivo. However, it is still possible that an intrinsic curvature of the CEN DNA is not an absolute prerequisite for CEN complex formation and activity. It has been shown previously that exchanging parts of CDEII without significantly altering the dAT composition causes a very slight reduction in centromere activity in vivo (53) , while reduction of the dAT composition from 90 to 62 or 58% decreases centromere function (15, 53) . Thus it is possible that highly dAT-rich CDEII variants without intrinsic curvature exhibit a sufficient DNA flexibility to facilitate CEN complex formation in vivo. Indeed, flexibility of dAT-rich sequences has been described (54) . However, all the experiments cited above suffer from the unresolved issue of whether CDEII DNA sequences carry specific motifs for CDEII-binding proteins. If proteins bind to CDEII specifically, then alteration of DNA sequences in CDEII might interfer with CEN complex assembly.
The conformation of CEN DNA is also modified by centromerebinding proteins. In vitro, the CDEI-binding protein Cpf1 bends CDEI towards the major groove of the DNA (47) . Moreover, in vivo phasing experiments indicate that the correct orientation of the CDEI-Cpf1 complex and thus the CpfI-induced bend at CDEI with respect to the rest of the CEN DNA-protein complex is important for centromere function (47) . Thus it is likely that the intrinsic curvature described here and the protein-induced CEN DNA bending properties like those found for CDEI-Cpf1 are important for the formation of a higher order protein-DNA complex acting in vivo as centromere (10, 41, 47) .
There is increasing genetic and biochemical evidence for direct interactions between the DNA-protein complexes CDEI-Cpf1 and CDEIII-Cbf3 in vivo. First, doubly mutant centromere DNAs containing point mutations in CDEI and CDEIII are strongly synergistic (10) . Second, the relative position and orientation of individual CDE elements to each other is important for centromere function (15, 55) . Third, the orientation of CDEII relative to CDEIII is critical for binding of partially reassembled CEN DNA-protein complexes to microtubules in vitro (15, 56) . Finally, genetic interactions have been described for a deletion variant of Cpf1 which binds CDEI and the centromere protein mutants cbf2p and cbf3bp, respectively, which bind CDEIII (41) . Altogether these data suggest that budding yeast has a stereospecific centromere complex exhibiting numerous DNA-protein and protein-protein interactions, for which intrinsic and proteininduced DNA bending properties are likely to be relevant (for a model see 42) .
The formation of a higher order centromere DNA-protein complex might be supported further by CDEII-binding proteins. Nuclease protection experiments and in vivo DMS footprinting experiments suggest that a protein(s) is bound to CDEII in vivo (43, 44) . Candidate proteins interacting with the dAT-rich CDEII DNA are Mif2 and Cse4 which have been shown to interact genetically with other centromere proteins (40, 41) . For the Mif2 protein a biochemical link to the centromere complex has also been described (42) . Thus, CDEII could act as a flexible spacer to allow and support multiple protein-protein interactions yielding the higher order DNA-protein centromere complex.
DNA curvature is most likely not a property restricted to the S.cerevisiae centromere. In Schizosaccharomyces pombe a large central portion of cen1 from chromosome 1 displays a remarkable DNA curvature (57) . The same region also shows an unusual chromatin structure suggesting that the particular DNA structure may prevent regular nucleosome formation and thus allow assembly of specific centromere DNA-protein complexes (58) . Unusual DNA structures have also been identified in the centromere DNA region from various higher eukaryotes (59) (60) (61) (62) . Altogether these findings support a model in which formation and/or function of eukaryotic centromeres in general may depend on structural characteristics of the centromeric DNA involved.
